Protein translation depends on mRNA-specific initiation, elongation and termination 13 rates. While the regulation of ribosome elongation is well studied in bacteria and yeast, less 14 is known in higher eukaryotes. Here, we combined ribosome and tRNA profiling to investigate 15 the relations between ribosome elongation rates, (aminoacyl-) tRNA levels, and codon usage 16 in mammals. We modeled codon-specific ribosome dwell times and translation fluxes from 17 ribosome profiling, considering pair-interactions between ribosome sites. In mouse liver, 18 the model revealed site and codon specific dwell times, as well as codon pair-interactions 19 clustering by amino acids. While translation fluxes varied significantly across diurnal time 20 and feeding regimen, codon dwell times were highly stable and conserved in human. Profiling 21 of tRNA levels correlated with codon usage and several tRNAs were lowly aminoacylated, 22 which was conserved in fasted mice. Finally, codons with lowly aminoacylated tRNAs and 23 high codon usage relative to tRNA abundance exhibited long dwell times. Together, these 24 analyses started to reveal some of the complex dependencies between ribosome dwell times, 25 tRNA loading, and codon usage in mammals. 26 1 Translation regulation dynamically controls gene expression in processes such as development, 28 the cell cycle, circadian rhythms, and response to stress [1] . At least three steps underlie protein 29 translation: translation initiation, often thought to be rate limiting, elongation, and termi-30 nation [2]. Recently, however, elongation has emerged as an important layer to fine-tune gene 31 expression (reviewed in [3]). Indeed, variations in elongation rates may influence mRNA stability 32 [4, 5, 6], nascent protein folding [7], and even feedback on the initiation rates [8]. For example, 33 recent studies showed that alteration of ribosome elongation rates in cancer cells influences their 34 proliferation and invasion capabilities [9, 10, 11]. 35 While the links between translation elongation and gene expression are increasingly studied, the 36 mechanisms influencing ribosome elongation rates are poorly understood, notably in higher eu-37 karyotes. In unicellular organisms, codon-specific elongation rates are well explained by cognate 38 tRNA concentrations [12]. This is also reflected evolutionarily, since highly expressed genes are 39 enriched for fast codons with high concentrations of tRNAs and favorable codon-anticodon inter-40 actions [13]. However, this concept has been challenged since pioneering work in E.coli showed 41 that ribosomes move at different speeds on the codons GAA and GAG [14]. These codons are 42 decoded by the same tRNA, raising the possibility that elongation rate is not only determined 43 by the concentration of tRNAs. 44 More recently, the development of ribosome profiling (RP) shed new light on the regulation 45 of translation elongation and revealed supplementary layers of complexity [15]. Indeed, the 46 possibility to capture the positions of translating ribosomes on mRNAs [16] fostered the de-47 velopment of quantitative models providing genome-wide insights on key features regulating 48 ribosome speed [17, 18, 19]. For instance, the properties of amino acids (AA) [20], (aminoacyl-) 49 tRNA availability [21, 22, 23], tRNA modifications [24, 25, 26], secondary structures of mRNAs 50 [27, 28, 29], folding of the nascent chain [30], pairs of codons [31, 32], and sterical interactions 51 with the ribosome exit tunnel [33], were shown to influence the local density of ribosomes on 52 2 transcripts. While RP studies have brought new knowledge on translation elongation, these 53 were performed mostly in unicellular organisms and have led to divergent results as highlighted 54 in several meta-analyses [17, 34]. One reason is that ribosome footprints are sensitive to biases 55 from differences in protocols [35, 36], drug usage [37, 38, 39], library preparations [19], and data 56 analysis pipelines [40]. Consequently, the reported correlations between ribosome dwell times 57 (DTs), tRNA abundances, and codon usage frequency and bias [41], show inconsistencies. In 58 addition, while codon usage can be precisely estimated, it is still difficult to measure tRNA 59 concentrations. Indeed, tRNAs exhibit a high degree of modifications and complex secondary 60 structures, which alter cDNA synthesis and biases quantification by high-throughput sequencing
Introduction
of sequences outside of the E, P, and A sites, and library biases. by amino acids 152 In general, determinants of translation elongation are less studied in mammals. We and others 153 have previously shown that feeding/fasting cycles can regulate translation initiation in mouse 154 liver [49], via well described mechanisms, notably through mTOR and GCN2 related nutrient 155 sensor pathways (reviewed in [50] ). Here, we aimed to extend this analysis to the level of DTs, in 156 particular to asses whether likely perturbed AA pools during low nutrient availability can alter T:ACA  Q:CAA  T:ACG  S:AGT  A:GCG  S:AGC  V:GTT  S:TCG  C:TGC  S:TCA  L:TTA  H: at positions -4 and +6, differed significantly depending on the protocols ( Fig. S6A-B ). Similar 247 potential biases have been reported previously [52] . Here, we found that protocols without 248 cDNA circularization showed highest signals in the P and A sites, presumably reflecting ribosome 249 dynamics more faithfully ( Fig. S6A-B ). Moreover, this was also reflected in the inter-site codon 250 pair DTs (P:A), which were more consistent across experiments ( Fig. S6D ) with that protocol.
251
Together, this meta-analysis highlighted how different library preparations lead to damped 252 12 RP signals in the A and P sites for some protocols, and showed that the codon DT patterns are 253 conserved between mouse tissues and mammalian species.
254
(Aminoacyl-) tRNA profiles are conserved in fed and fasted mice 255 We next asked whether the estimated DTs can be linked with tRNA abundances or loading levels, 256 which is poorly studied in higher eukaryotes [41] . The chemical modifications and secondary 257 structure of tRNAs render them difficult to quantify. A recent hybridization method combined 258 with sequencing, which controls specificity using left/right probes and a stringent ligation step, 259 allows to bypass the cDNA synthesis to quantify tRNA levels [9] . To measure tRNA abundances 260 and assess possible links with ribosome DTs in mouse liver, we adapted and optimized this 261 method to target all annotated mouse tRNAs ( Fig. S7A ). Moreover, we quantified the fraction 262 of (aminoacyl-) tRNAs using sodium periodate [58] , which depletes unloaded tRNAs by selective 263 biotinylation of 3'-ends ( Fig. S7A ). This way, we aimed to quantify the tRNA pools available 264 for elongation in the ribosome A site. showing target specificity for tRNAs ( Fig. S7B ). Indeed, mapping of the sequencing reads to 269 all possible combinations (303 2 ) of left and right probes showed that more than 75% of ligated 270 products belonged to tRNA genes of the same codon (Fig. S7B ), and even 95% were from probe 271 pairs that could be assigned to specific codons with high confidence ( Fig. S7B ) (Methods). We We measured tRNA abundance on mouse livers from the same samples as those used for the 275 RP. Specifically, we quantified the total tRNA (control, NaCl) and the (aminoacyl-) tRNA 276 (periodate, NaIO 4 ) abundances from the same pieces of liver in two replicates in the AL and 
291

Relationship between (aminoacyl-) tRNA levels, codon usage, and DTs
292
To substantiate this observation, we investigated whether variations of codon DTs and wCU 293 could be explained by the available tRNA pools. In lower organisms, it is known that codon usage 294 frequency and tRNA pools co-adapted to fine-tune translation elongation. However, whether 295 this relation holds in mammals is debated, mainly due to the lack of good proxies for tRNA 296 levels. Moreover, codon usage differences seem to be driven by mutational bias such as GC ciphered their synergistic effect in addition to the site-specific contributions. We showed that computed and the respective sequences were reported ( Figure S1D ). This set of sequences is used 440 as a reference and their respective number of counts is set to zero. Every time a read occurs at 441 one of these sequences, we incremented the count by one (Fig.S1D) . Genes with less than 5% empirically estimated from the variance-mean relationship for a NB (Eq.1). Specifically, for each gene we used adjacent codon pairs occurring more than once, the rationale being that the counts observed on the multiple instances behave as replicates (i.e. the counts are sampled from the and since we assumed that θ s only depends on the sample, we then estimated θ s globally (from 456 all pairs on all genes) by linear regression using Eq.1 (Fig.S1 E) . The reason to consider counts 457 on pairs of codons was to take into account a minimal contextual dependence of the counts, 458 while keeping the counts not too sparse.
where we omitted the sample index for clarity. The model for each sample is as follows (omitting The fit was performed using glm4() function from the R package MatrixModels with the noise 472 family negative.binomial(θ s ) from the MASS package and with sparse design matrix option.
473
Sequencing library size is used as an offset. RNA-Seq data is fitted (when available) and read 474 counts are predicted at every positions and used as an offset.
475
Since this problem does not have full rank, we set for the fit : τ (1) k,AAA = 0 for ∀k and τ 
E P A
E P A X +3 X +4 X +5 X +6 X +7 X +8 X +9 X +10 X +11 X +12 X +13 X +15 X +14 X -11 X -10 X -9 X -8 X -7 X -6 X -5 X -4 X -3 X - Fig. S1B . D. Construction of the data matrix for the GLM. Example of a gene CDS with two different positions (dark blue and dark red) covered by 56 and 2 reads, respectively. The assigned E, P, and A sites are shown. The CDS is parsed 3-by-3 and a matrix is designed with the corresponding position-dependent codons. E. Mean and variance of measured counts for pairs of codons occurring multiple times on a gene. The green line shows a Poisson regime with the variance equal to the mean. The red line represents the estimated fit for a negative binomial distribution (Methods). The dispersion parameter is estimated from these fits and used to parameterize the NB used in the GLM, independently for each sample. 
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Amino Acid A. tRNA profiling protocol. tRNAs were extracted in acidic conditions and uncharged tRNAs were hydrolyzed at 3'-end upon periodate treatment. tRNAs were treated with NaCl in control conditions. Then, tRNAs were deacylated and biotinylated at their 3'-end. Mix of left and right DNA probes were hybridized to the tRNA pools and pulled-down on magnetic beads through biotin-streptavidin interactions. Nicks in the anticodon between the left and right probes were ligated. tRNAs were degraded and DNA probes sequenced after amplification. B. Reads were mapped on every combination of left and right probes. Fraction of reads corresponding to left-right probe combinations belonging to the same codon or AA is reported for the 24 samples. The same measure is computed after reassignment of the probe combinations (Methods). C. tRNA abundances (log2) at the codon level for the control vs. altered conditions in which probes related to tRNAs coding for Pro and Gly were removed. D. tRNA abundances (log2) at the codon level for experiments with T4 or SplintR DNA ligases. Significant differences are shown in red. E. tRNA abundances (log2) at the probe level between biological replicates in the NaCl/AL condition at ZT04. F. Correlation between tRNA abundances in control AL vs. RNA polymerase III (POL3) ChIP-Seq signal quantified on the tRNAs gene loci. Data were extracted from the supplementary table of ref.
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